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Layered P2-type Na2/3Ni1/3Mn2/3O2 was successfully synthesized through a facile sol-gel method and subsequent heat treatment. Resulting from different phase 

transformation and sodium ion diffusion rate, its electrochemical performance is highly related to the cut-off voltage and the electrolyte used. When the cut-

off voltage is set up to 4.5 V or lowered to 1.5 V, capacity fade happens due to the occurrence of P2-O2 transformation and electrolyte decomposition or the 

redox reaction of the Mn4+/Mn3+ ionic pair and P2-P2’ transformation. The electrode maintained 89.0 mAh g-1 with good cycling stability and excellent structural 

preservation between 4.0-2.0 V. The capacity retention is 71.2% even after 1200 cycles at 10 C. It can be expected that P2-type Na2/3Ni1/3Mn2/3O2 is very 

promising as a cathode material for sodium ion battery.

Introduction  

The demand for large-scale energy storage systems has been growing significantly due to the requirement for the applications 

such as smart grid. Among the diverse energy storage technologies, the secondary rechargeable battery is one of the most 

promising techniques to store electricity on a large-scale.1-3 Due to the low cost and abundant sources of sodium, the sodium ion 

batteries (SIBs) may have the potential to replace lithium ion batteries and meet the increasing demand for electric devices, and 

has attracted more and more attentions.4-8 Nevertheless, the large diameter of the Na+ ion makes it difficult to find suitable host 

materials for rapid Na+ extraction and insertion due to the sluggish reaction kinetics. It is highly essential to develop effective 

cathodes for high performance SIBs with sufficient Na storage ability, high rate capability, and long-term cycling stability. 

     Researches on cathode materials for SIBs have been focused on compounds ranging from polyanions to layered transition metal 

oxides,9-11 and it is suggested that layered sodium transition metal oxides show outstanding electrode properties. Moreover, the 

barrier for Na+ migration can potentially be lower than that for Li+ migration in the layered structures and the higher vacancy 

concentrations of sodium layered oxides can offer larger capacity.12-13 Layered sodium transition metal oxides are classified into 

several groups such as O3- and P2-types based on the location of the Na-ions (O: octahedral and P: prismatic).7, 14 It is reported 

that P2-structured sodium intercalated materials show better Na storage and cyclability than O3-featured ones owing to the larger 

residing sites for sodium ions, less favourability in phase transition and faster ion diffusion in trigonal prismatic environment vs. 

octahedral one.15-18 Layered sodium manganese bronzes, NaxMn1-yMyO2 (A = Co, Ni, Fe, etc.) with the P2-structure, normally with 

high Na storage capacity, have been studied by many researchers. Among those, NaxMn1-yNiyO2 and some metal substituted or 

doping materials, have been widely studied since last century due to the high operating voltage based on a Ni2+/Ni4+ redox 

reaction,19-28 including the Na2/3Ni1/3Mn2/3O2,23 NaNi0.5Mn0.3Ti0.2O2,24 Na0.5Ni0.25Mn0.75O2,25 Na0.67Mn0.60Ni0.30Co0.10O2,26 Na0.67Ni0.3-

xCuxMn0.7O2,27 and Na0.67Ni0.23Mg0.1Mn0.67O2
28 et al. For the primary Na2/3Ni1/3Mn2/3O2 (NNMO), all 2/3 of Na ions can be reversibly 

extracted and intercalated to the host structure providing specific capacity of 173 mAh g-1 (1 C = 173 mA g-1).29 Moreover, water 

cannot be intercalated into the Na2/3Ni1/3Mn2/3O2 framework due to the existence of superlattice ordering Ni atoms within the 

transition metal layer which apparently induces a very strong interlayer interaction and inhibits the uptake of water.30 When 

applied for solid-state SIBs, the NNMO showed a superior stability and high reversibility with a capacity retention of 90% after 10 

000 cycles at 6 C.31  However, good cycling stability can only be obtained with cut-off voltage below 4.0 V due to the phase 

transformation from P2-O2 above 4.1 V.    

     In this paper, layered P2-type Na2/3Ni1/3Mn2/3O2 was successfully synthesized and further studied as a cathode material for SIB. 

The effect of cut-off voltages, current density and FEC additive on the cycling stability and coulombic efficiency were discussed in 

detail. In situ XRD and galvanostatic intermittent titration technique (GITT) were also used to better understand the mechanism 

and sodium ion diffusion during the sodium intercalation and deintercalation process, which provide solid experimental evidence 

of the structural evolution upon cycling tests under different cut-off voltages. Resulting from different phase transformation and 

sodium ion diffusion rate, the electrochemical performance is highly related to the cut-off voltage and the electrolyte used. The 

prepared P2-Na2/3Ni1/3Mn2/3O2 exhibited an initial discharge capacity as high as 179.7 mAh g-1 when cycling between 4.5-2.0 V. 

However, great capacity fading was observed in this voltage area. In the voltage range of 4.0-1.5 V, the electrode exhibited an 



 

 

 

 

initial capacity of 151.0 mAh g-1 with slight capacity fading due to the structure distortion caused by the Jahn-Teller Mn3+ ions. 

When cycling in the range of 4.0-2.0 V, the electrode maintained 89.0 mAh g-1 with good cycling stability and excellent structural 

preservation. The capacity retention is 71.2% even after 1200 cycles at 10 C.  

Experimental  

Material Preparation. Na2/3Ni1/3Mn2/3O2 (NNMO) powders were synthesized through a facile sol-gel method. All the chemicals 

were used as purchased. Sodium nitrate, nickel nitrate hexahydrate and manganese nitrate tetrahydrate with mole ratio of 

2.08/1/2 were dissolved successively in deionized water to form a uniform solution. After stirring for 30 minutes, the mixed 

solution was added dropwise into 20 ml of ethylene glycol under continuous stirring. Then, the obtained mixture was heated at 

80°C to form a gel precursor, which was then heated in a muffle furnace at 800, 850, or 900°C for 20 h in air to obtain the final 

products after naturally cooling to room temperature.  

Structural Characterization. The morphologies of the as-prepared samples were investigated by field-emission scanning electron 

microscopy (FESEM, JEOL JSM-7500) and transmission electron microscopy (TEM, JEOL ARM 200F). TEM samples were prepared 

after sonication treatment. The microstructures of the as-prepared powders were characterized on a synchrotron X-ray diffraction 

beamline with a wavelength (λ) of 0.6885 Å calibrated with the National Institute of Standards and Technology (NIST) LaB6 660b 

standard reference material and laboratory X-ray diffraction (XRD, GBC MMA diffractometer) with Cu Kα radiation. Mn and Ni K-

edge X-ray absorption near the edge structure (XANES) was performed at Pohang Accelerating Laboratory in Republic of Korea 

using a double Si (111) monochromator. All spectra were normalized to the main edge jump.  

Electrochemical Measurements.  The electrodes were prepared by mixing 80 wt% active materials, 10 wt% Super P, and 10 wt% 

polyvinylidene fluoride (PVDF) binder to form a slurry, which was then coated on an aluminium foil. Next, the aluminium foil was 

dried in a vacuum oven overnight at 120°C. After that, the working electrodes were cut out and pressed under a pressure of 20 

MPa. The electrolyte used was 1.0 mol L−1 NaClO4 in an ethylene carbonate (EC) – diethyl carbonate (DEC) solution (1:1, v/v) with 

or without 3% fluoroethylene carbonate (FEC) additive. Sodium foil was cut from a sodium bulk stored in mineral oil and used as 

both the counter and reference electrodes. The cells were assembled in an argon-filled glove box. The electrochemical 

performances were tested on a Land Test System at different current densities. Cyclic voltammetry (CV) at a scan rate of 0.1 mV 

s-1 and electrochemical impedance spectroscopy (EIS) from 100 kHz to 100 mHz were performed using a CHI 660b electrochemistry 

workstation. The diffusion coefficient of Na+ ions was studied using the galvanostatic intermittent titration technique (GITT). For 

the GITT measurement, the cells were charged and discharged at 0.1 C for 360 s followed by an open circuit relaxation for 1 h. All 

the electrochemical tests were conducted at room temperature. 

Results and discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The XRD Rietveld refinement of the P2-Na2/3Ni1/3Mn2/3O2 prepared at 850℃ was performed, and the refinement results and SEM 

image are listed in Figure 1. The powders obtained are pure NNMO, whose peaks can be indexed to the hexagonal phase system 

with space group P63/mmc.32 The a and c parameters are refined to be 2.885 and 11.155 Å, respectively. All the peaks are sharp 

Figure 1. XRD pattern and SEM image (inset) of the as-prepared NNMO 

(wavelength=0.05899 nm). 



 

 

 

and well defined, indicating high crystallinity of the prepared sample. The values of the refined structure parameters are shown in 

Table S1 in the supporting information. From the SEM image shown inset, it can be seen that uniform plate-shaped NNMO, in 

thickness of ~500 nm and diameter of ~1 μm, were formed. The calcination temperature plays an important role in the synthesis 

of pure and image-defined NNMO. XRD patterns and morphologies of NNMO powders prepared at different temperatures are 

shown in Figure S1 and Figure S2 in the supporting information, respectively. All the samples show good crystallinity. When 

calcined at lower temperature of 800℃, the obtained powders are NNMO with plenty of Na0.91NiO2 impurities. Further increasing 

the calcination temperature to 900℃, Na0.7MnO2 impurities are formed instead. Powders obtained at 800℃ were irregular and 

did not have a defined image. Although the surface looked to be smooth, the plates consisted of different layers, which can be 

seen in the high magnification images. The powders grow to be bigger and thicker after calcination at 900°C. The TEM image and 

SAED pattern of NNMO prepared at 850°C in Figure S3 further demonstrates its layered structure and good crystallinity. 

      

 

 

 

 

 

 

 

 

 

 

 

 To determine the valence state of Mn and Ni in NNMO, XANES was conducted and is shown in Figure 2. The XANES of MnO2 and 

NiO are also shown as references. It can be seen that the spectrum of Mn in NNMO corresponds well with that of MnO2. Slow 

cooling leads to the oxygen uptake during the cooling process and presence of manganese vacancies thus a higher concentration 

of Mn4+ which suppresses the cooperative Jahn–Teller distortion.33-34 The pre-edge peaks in the spectra are indicative of structural 

distortion in the MnO6 octahedra.35 Moreover, Ni in NNMO can be determined to stay at +2 valence based on the spectrum of 

NiO. Thus the Ni and Mn are at +2 and +4 state respectively in NNMO, which is in agreement with previous reports.36-37 And it can 

be predicted that in the bifunctional transition-metal layer, Ni2+ acts as a double redox-active centre and Mn4+ provides stability to 

the host structure.38 

    

 

 

 

 

 

 

 

 

 

 

   

     The cyclic voltammetry curves of Na/NNMO cells (corresponding to sodium deintercalation/intercalation from/into 

Na2/3Ni1/3Mn2/3O2, respectively) of Na/NNMO cells with different charge–discharge cut-off voltages are shown and compared in 

Figure 3. The charge–discharge cut-off voltages are set to 4.0/2.0 and 4.5/1.5 V, respectively, to study the phase change happening 

until high voltage of 4.5 V or low voltage of 1.5 V. A series of complicated CV peaks have been observed, indicating a multitude of 

possible phase transitions accompanying with the de-insertion or insertion of Na+ ions.  

     When cycling between 4.0 and 2.0 V, six highly reproducible pairs of peaks, having positions centred at 2.04/2.00, 2.34/2.28, 

3.21/3.11, 3.38/3.24, 3.70/3.53, 3.74/3.61 V vs. Na+/Na respectively of Na/NNMO cell were observed in the CV curves (Figure 3a). 

The four redox peaks between 3.0-4.0 V are associated with the transition of Ni2+-Ni3+-Ni3.5+ along with Na+ extraction/insertion 

processes.39 The various minor plateaus between 2.0-3.0 V during the processes come from Na+/vacancy ordering sequence or 

transitions involving the gliding of oxygen planes.40-41 Mn ions stay at +4 state and are electrochemically inert above 2.0 V, which 

can help effectively maintain the structural stability in the absence of Jahn-Teller active Mn3+, therefore leading to the stabilisation 

of the undistorted P2 hexagonal crystal structure. The overlapped anodic and cathodic peaks demonstrated the electrochemical 

stability of NNMO between 4.0- 2.0 V.   

Figure 2. X-ray absorption near the edge structure (XANES) of as-prepared NMMO 

powders: (a) Mn K-edges and (b) Ni K-edges.

Figure 3. Cyclic voltammetry curves of Na/NNMO cells at different cut-off voltages: (a) 

4.0-2.0 V and (b) 4.5-1.5 V.



 

 

 

 

   Further sweeping to 4.5 V, a new pair redox peak of 4.30/3.97 V was observed (Figure 3b), which shows the worst reproducibility 

comparing with other peaks. It was reported that there is a transformation from P2 phase to O2 phase starting at ~4.2 V since O2-

type stacking faults were introduced into the P2 structure.39 The transformation is obviously partly reversible and may cause severe 

structural distortion, which may cause great capacity fade. If the low cut-off voltage was set to 1.5 V, according to the reported 

studies and the obvious oxidation/reduction peaks appearing below 2.0 V (Figure 3b), it can be concluded that Mn4+ was activated 

and reduced to Mn3+ after the initial Na+ ions insertion. Mn4+/Mn3+ redox pair is responsible for the redox peaks below 2.0 V. The 

formation of Jahn-Teller active Mn3+ results in large structural distortions of MnO6 octahedra which can induce constraints and 

defects in the active material, leading to increased capacity fading.26 Mn3+ undergoes the disproportion reaction forming Mn4+ and 

Mn2+ (2Mn3+
solid Mn4+

solid + Mn2+
electrolyte) and continuous decomposition of the electrolyte at high voltages. Furthermore, the Mn2+ 

is easily dissolved in the electrolyte which would cause a constant degradation of the active material.42 More obvious peaks at 

around 2.0 V than that in Figure 3a suggests a possibility of occurrence of new phase transformation. It can be expected that the 

electrodes may experience big capacity fade if continually cycled to 4.5 V or 1.5 V. 

     Figure 4 shows the charge-discharge profiles and electrochemical performance of NNMO cycling at 0.1 C. The charge-discharge 

cut-off voltages are set to 4.0/2.0, 4.0/1.5 and 4.5/2.0 V to study the effect of high or low voltage on the electrochemical 

performance of Na/NNMO cell. It can be seen that the charge-discharge cut-off voltage is crucial for the capacity retention and 

coulombic efficiency of the electrodes. The plateau in the charge-discharge profiles are consistent with the characteristic peaks in 

the CV curves, and show different degrees of reproducibility during cycling processes under different cut-off voltage ranges. 

     When performing between 4.0 and 2.0 V (Figure 4a and d), several voltage plateaus corresponding to the CV peaks are observed, 

caused by the different staging of the sodium layers.43 The initial charge and discharge capacity were 93.3 and 93.0 mAh g-1, 

corresponding to the extraction of 0.360 mol and the insertion of 0.358 mol of Na+ ions per formula unit, respectively. Thus, the x 

value in NaxNi1/3Mn2/3O2 was maintained at approximately 0.67, and Na+ could be extracted and inserted reversibly after several 

charge-discharge cycles, which well explains the excellent cyclability of Na/NNMO cell in Figure 4d.  The Coulombic efficiency (CE) 

in the first and following cycles almost equal to 100% during the whole cycling process. There is no visible decay and the capacity 

retention is 95.7% after 100 cycles. 

    In the voltage range of 4.0 and 1.5 V (Figure 4b and d), the electrode cycled reversibly with slight capacity decay, but the voltage 

steps were still reproducible throughout the whole test. Comparing with cells cycling between 4.0 and 2.0 V, another long flat 

voltage slope at ~1.75 V which associated with the redox reaction of the Mn4+/Mn3+ pairs, was observed. The initial discharge 

capacity was increased to 151.0 mAh g-1, of which ~38.4% (58 mAh g-1) was contributed by the insertion of Na+ below 2 V. The x 

value in NaxNi1/3Mn2/3O2 cycling in the range of 4.0-1.5 V was increased to 0.95 at the end of discharge process after 0.58 mol of 

Na ions extracted during the charge process per formula unit. This over-insertion of Na+ ions reaches the theoretical Na+ 

intercalation limit where the oxidation state of Mn is totally Mn3+.37, 44 The CE was 160% in the first cycle and kept stable at ~99% 

from the second cycle. Faster capacity fading was observed than that between 4.0-2.0 V due to the increasing distortion of MnO6 

octahedra caused by increasing number of Mn3+ ions, which can induce constraints, defects and thus structural deterioration of 

the material.26  

     In Figure 4c and d, the initial charge capacity of NNMO was increased to 191.5 mAh g-1 when cell was charged to 4.5 V, 18.5 

mAh g-1 higher than the theoretical capacity due to possible electrolyte decomposition above 4.4 V. A long plateau at 4.18 V 

indicated the occurrence of a two-phase reaction, corresponding to the P2-O2 phase transformation. There was a strong capacity 

fade during cycling. While 0.70 Na+ ions per formula unit were reintercalated in the first discharge process, only 0.52 Na+ ions were 

reversibly cycled in the 10th cycle. After 10 cycles, the long plateau at ~3.7 V almost disappeared and the capacity retention was 

only 71.8%. Furthermore, the CE during the whole cycling was much lower and only reached ~90%. The severe capacity fade and 

Figure 4. (a-c) Charge-discharge profiles, (d) cycling performance and (e) corresponding 

coulombic efficiency of Na/NNMO cell at different cut-off voltages at 0.1 C.



 

 

 

low CE could originate from the increasing catalytic decomposition of the electrolyte with increased charging voltage and the 

increasing irreversibility of the electrode material associated to structural changes.45. The P2-O2 phase transition induces large 

volume shrinkage ( ~23%) caused by an oxygen framework shift, which would cause fast capacity decay during the cycles in 

NaxNi1/3Mn2/3O2.27 

     It was found that a low 1.5 V or high 4.5 V cut-off voltage does not lead to capacity improvement for long-term cycling, since 

after about 10 or 60 cycles the capacity value of the cell with Ecut-off = 4.0/2.0 V is reached due to the redox reaction of the 

Mn4+/Mn3+ ionic pair below 2 V or P2-O2 transformation and electrolyte decomposition above 4.2 V. Meanwhile, the cycling 

performance of NNMO at 1 C was also characterized at different cut-off voltages and is shown in Figure S4. Similar capacity 

changing trends were found. Interestingly, the CE in the voltage of 4.5-2.0 V was higher than that at 0.1 C. The lower CE at 0.1 C is 

probably due to the continuous formation of SEI layer for longer time and slower sodium ions diffusion at lower current rate. High 

current density, to some extent, inhibits the occurrence of side reaction due to the fast sodium ion de-insertion/insertion 

processes. 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   We then focus on the electrochemical properties of NNMO at 4.0/2.0 V, during which there is no phase transformation from P2 

to O2 or formation of Mn3+, and the electrode exhibits excellent cycling stability and high coulombic efficiency. Figure 5a shows 

the cycling performance of NNMO at 0.1 C and 1 C. After 100 cycles, the discharge capacity retains 89.0 mAh g-1 at 0.1 C, 

corresponding to a capacity retention of 95.7% of the first cycle. Moreover, the capacity retention at 1 C after 300 cycles can reach 

92.6%. Again, the CE at both current densities are stable and remain almost 100%. The increasing current densities will not 

deteriorate the CE of NNMO. This phenomenon indicates high current density can only cause polarization but will not intensify the 

side reactions.46 In the rate capacity shown in Figure 5b, the specific capacity reduced gradually with increasing rate, which could 

be ascribed to an increase in overpotential resulting from less reaction time for the free cation intercalation into the crystal lattice. 

In details, the discharge capacities are 84.9, 73.5, 67.8, 65.1 62.2, 60.7, and 58.2 mAh g-1 at 0.2, 0.5, 1, 2, 5, 10, and 20 C respectively. 

The voltage plateaus could be clearly seen at high current densities. Meanwhile, the NNMO electrodes exhibit excellent cycling 

stability at high current densities of 5 and 10 C, as shown in the Figure 5c. The capacity retention is 71.2% even after 1200 cycles 

at 10 C. 

    We also study the effect of FEC additive in the electrolyte on the electrochemical performance of NNMO electrode. As shown in 

Figure 5d, without the addition of FEC, the reversible discharge capacity did not change much comparing with that with FEC 

additive. The charge capacity, however, are 110 and 79 mA g-1 at 0.1 C and 1 C respectively, which are higher than those using FEC 

additive, resulting in lower coulombic efficiencies. It was reported that FEC additive can suppress the electrolyte decomposition, 

enhance the reversibility of Na and improve the SEI passivation capability,47,48 thus decreasing the occurrence of irreversible 

capacity. Again, the CE at 1 C is higher than that at 0.1 C due to the faster sodium ions diffusion. Comparison of electrochemical 

performances among reported P2-type Na2/3Ni1/3Mn2/3O2 materials are made and shown in Table S2. 

Figure 5. Electrochemical properties of Na/NNMO cell between 4.0 and 2.0 V: (a) cycling 

performance and corresponding coulombic efficiency at 0.1 C and 1 C, (b) rate capacity, 

(c) cycling performance and corresponding coulombic efficiency at 5 C and 10 C and (d) 

cycling performance and corresponding coulombic efficiency using electrolyte without 

FEC additive.



 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   In-suit synchrotron XRD was performed to study the evolution of NNMO during cycling between 4.5-2.0 V and is shown in Figure 

6. The pristine Na2/3Ni1/3Mn2/3O2 has an ordered hexagonal structure. During the charging process, the (00l) peaks shift to a lower 

angle with decreasing intensity, indicating the expansion of sodium content sensitive c parameter and thus the interplanar 

distance. The decrease of a parameter is indicated by the shift of the (100) peak to higher angles. The successive extraction of Na+, 

which is located between the transition metal layers, leads to a large repulsion of the oxygen anions and, therefore, results in the 

increase of the c-axis parameter as well as the decrease of a parameter,43 in agreement with the investigation by Lu et al.23 While 

the (100), (102), (103), (110) and (112) peaks moved to higher angles, the (104) and (106) peaks in our study moved to lower 

angles. This evolution is different with the former report,23 in which all (10l) peaks shift to a lower angle, indicating the different 

evolution degrees of lattice parameters. All the peaks became broader with decreasing intensity along with the extraction of 

sodium ions. There is no new phase formed and only solid-solution behaviour occurs below 3.8 V. Multiple new Bragg peaks 

observed at 21 and 70˚ were formed above 4.2 V, indicating the formation of O2 phase, which is in agreement with the previous  

report.23 It was reported that the transition metal oxide (TMO2) slabs would glide to form octahedral sites after extraction of the 

Na+ ions, leading to the formation of a new O2-type phase with stacking faults and a unique oxygen packing.41 The (100) split and 

(10l) peaks become broader as more O2 stacking faults are introduced in the slabs.49 But another phase appearing at 4.0 V indicated 

by the peaks at ~12 and 25˚ might be attributed to the intercalation of water, solvent molecules and/or salt ions in the interstitial 

space between the TMO2 slabs.50-51 And the intercalation is reversible in the 2nd cycle. It was reported that there was Z phase 

formed during the charge to 4.3 V of Na2/3Ni1/3Mn2/3O2.35 However, there is no Z phase observed in our study. The progressive 

disappearance of the high-voltage plateau above 4.25 V upon cycling (Figure 4c) suggests that the transition to O2 phase might be 

responsible for the capacity fading. Similar phenomena were also observed in some other P2 type cathode materials and O3 type 

layered compounds.13, 15, 23, 49, 52-54  

Upon discharging, the O2 phase gradually disappeared and a reversible evolution took place. The Bragg diffraction peaks shifted 

to the opposite direction to that of the charge process, indicating a reversible structural evolution during the charge/discharge 

process. However, the intensity of peaks decreased and could not return to its primary phase, indicating big irreversibility which 

would result in great capacity fading during the de-insertion/insertion of Na+ ions. As Na+ inserts between the MnO6 layers, the 

negative charges of the oxygen between different layers are screened, which moves the layers closer together, leading to the 

decrease of c parameter. The (100) shift to lower angle reflects the expansion of a and b parameters, resulting from a decrease of 

the oxidation state of manganese and thus an expansion of the MnO6-octahedra during discharge.17 

    In-suit synchrotron XRD of NNMO cycling between 4.0-1.5 V was also characterized to study the evolution in low voltage area 

(Figure S5). In the initial charge to 4.0 V, the evolution is the same with Figure 6. Only solid solution mechanism occurred during 

this voltage range. Limit the voltage to 4.0 V excludes the formation of O2 phase and electrolyte decomposition, resulting in slower 

capacity fading compared with that of being charged to 4.5 V. During the following discharge process, a solid solution mechanism 

was observed at the beginning. However, when discharged to or below 2.0 V, the (002), (100), (102) and (112) peaks split into two 

peaks along with the decrease of peak intensities, which is indicative of a biphasic mechanism. The appearance of two diffraction 

peaks at about 15.9 and 32.0˚ correspond to the (002)P2 and (004)P2 reflections in the hexagonal pattern.52 The appearance of a 

small new phase (orthorhombic P2’ phase) below 2.0 V is attributed to increasing distortion caused by the increasing concentration 

of Mn3+ formed from reduction of Mn4+. The biphasic domain between the P2 and P2’ phase is observed for a Na content of 0.85< 

x<0.95 in NaxNi1/3Mn2/3O2.52, 55 The bi-phasic mechanism here is reversible and the phase return to its initial situation during the 

discharge process.  

Figure 6.   In-suit synchrotron XRD patterns of NNMO cycling between 4.5 and 2.0 V at 

0.5 C, the 2θ has been converted based on the Cu wavelength for convenience.



 

 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

   Figure 7 shows the GITT curves for the first cycle at 0.1 C of Na/NNMO cell and the corresponding sodium-ion diffusion coefficient 

(DNa+) with different cut-off voltages. It is found that the DNa+ values are highly related to the phase transformation and structural 

evolution during the charge-discharge process. The DNa+ were stable with a high value of ~10-10 cm2 s−1 at the beginning of Na 

extraction during charge process (Figure 7b and d) and began to drop obviously at the phase transformation area (P2-O2, grey 

area). The value was only 6.39 × 10−14 cm2 s−1 when charged to 4.5 V. Upon discharging, both DNa+ show a minimum (~10-12 cm2 s−1) 

as the arrows indicate due to the Na+/vacancy ordering at around 2.3 V, corresponding to the CV peaks and voltage plateaus 

between 3.0-2.0 V. Similarly, DNa+ began to drop when the P2-P2’ transformation happened below 2.0 V (grey area) in Figure 7d. 

    Meanwhile, the DNa+ of NNMO was also investigated by electrochemical impedance spectroscopy for electrodes before and after 

700 cycles at 1 C between 4.0-2.0 V. The Nyquist curves and the corresponding Zre vs ω−1/2 plots in the low-frequency region are 

shown in Figure S6. Values of fitted parameters are shown in Table S3. The DNa+ calculated for electrodes are 9.02×10-12 and 

7.15×10-12 cm2 s-1, respectively. The high DNa+ values well explain the excellent cycling performance of the prepared NNMO. Even 

after cycling for 1000 cycles at 1 C, the layered structure of NNMO can still be observed in the electrode (Figure S7), indicating its 

superior structure stability.  

Conclusion 

In summary, layered P2-type Na2/3Ni1/3Mn2/3O2 was successfully synthesized through a facile sol-gel method and subsequent heat 

treatment. Resulting from different phase transformation and sodium ion diffusion rate, the electrochemical performance is highly 

related to the cut-off voltage and the electrolyte used. When the cut-off voltage is set up to 4.5 V or lowered to 1.5 V, capacity 

fade happens due to the occurrence of P2-O2 transformation and electrolyte decomposition or the redox reaction of the 

Mn4+/Mn3+ ionic pair and P2-P2’ transformation. The electrode maintained 89.0 mAh g-1 with good cycling stability and excellent 

structural preservation between 4.0-2.0 V. The capacity retention is 71.2% even after 1200 cycles at 10 C. It can be expected that 

P2-type Na2/3Ni1/3Mn2/3O2 is very promising as a cathode material for sodium ion battery. 
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Figure 7. (a) GITT curves for the charge and discharge states of the first cycle and (b) 

corresponding sodium-ion diffusion coefficient (DNa+) of Na/NNMO cell cycling between 

4.5 and 2.0 V; (c) GITT curves for the charge and discharge states of the first cycle and 

(d) corresponding DNa+ of Na/NNMO cell cycling between 2.0 and 1.5 V.
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